Abstract: Carbon nanotube (CNT) is a new technology used to generate gamma photons in X-ray tubes. CNTs, in comparison to other small X-ray sources, produce high X-ray intensities and as they are not based on a thermionic principle they considered cold electron sources with a very high conversion of electrical to photon energy. Their small size and other interesting properties could make them feasible for use in intraoperative radiation therapy applications. In this study, physical characteristics of the photon beam generated by the CNT-based X-ray source were assessed. A soft X-ray ionization chamber and a flat panel detector was used to measure dose and photon counts, respectively. The repetitively produced pulses had almost the same photon intensities with differences of less than 1% between them. For a typical selected pulse, the variation in the pulse amplitude was also insignificant, which shows a stable radiation exposure of the tube during the ON-mode. When moving from the center of the beam profile to the lateral distance of 25 mm, both intensity profile and dose profile showed a falling trend by a factor of almost 3 in the measured values.
Introduction
Recently miniaturized x-ray tubes have drawn attention of researchers for medical applications [1] [2] [3] . Due to their small sizes these x-ray sources give an opportunity to use them inside the body for applications where close contact to the site of the target is required. Significant progress has been made in carbon nanotube in which a field emitting electron source is used to bombarding the target of the tube to generate X-ray photons. The advantage of electron emitters that are manufactured based on the nanotechnology is related to their favorable field emotion properties. In comparison to thermionic electron sources, carbon nanotubes have cold electron sources in which the generated heat inside the tube is less than that of the conventional x-ray tubes [4] . They also benefit from the advantages that they have high current density of electrons [5] , higher X-ray intensity as a result of higher brightens of electron beam, and their firing status can be easily controlled to work in a pulse mode status [6] . The CNT-based source used in this study is a vacuum-sealed miniature X-ray tube that has been recently developed in Korea [7] .
This new system, in comparison to the former CNTbased sources, can operate at higher voltages of up to 70 Kv and there is no need for a vacuum chamber in its design, making it more feasible to be used as a miniature x-ray tube for medical applications. Due to its small size, CNT-based sources can be developed specially for the intra-cavity applications in which positioning of the source of radiation close to the target area could have advantageous over imaging or therapy procedures performed by the conventional big X-ray tubes. Study of the performance of this vacuum-sealed X-ray tube could provide useful information for developing it into future medical applications. Therefore, in this study, characteristics of the photon beam generated by the CNTbased X-ray source were assessed.
Materials and methods
The miniature x-ray source used in this study was a small tube based on carbon nanotube field emitter. It was build and developed by Cho and his team at the department of nuclear and quantum engineering, Korea advanced institute of science and technology (KAIST). The tube consists of a carbon nanotube on a tungsten tip to generate electrons and a thin tungsten in a beryllium window as the target of electrons to produce x-ray photons. An alumina ceramic tube is used to provide high voltage insolation between the cathode and the target. For our experiment, a working voltage of 40 Kv with a duty cycle of 20% (1500 ms on-mode and 6000 ms offmode) was used and the tube fired 8 pulses during a 60-second cycle. Dose measurements were acquired by a soft x-ray Ionization chamber and an UNIDOS E electrometer (PTW, Freiburg, Germany). In order to obtain the lateral dose profile of the 40 kv beam at the distance of 20 mm in the air, the chamber was first positioned in the central axis of the tube then the tube fired 8 pulses during one cycle and the corresponding doses were recorded. Then the chamber was moved in the lateral axis incrementally in steps of 5 mm off axis, 25 mm to the left then 25 mm to the right. For each of the positions dose measurements were performed for one cycle.
A flat panel detector Xineos-2222HS (Teledyne DALSA, Waterloo, Canada) was also used to record beam intensity of the X-ray beam. In order to measure the intensity profile of the x-ray beam, the tube was fixed perpendicular to the detector sensitive plane at the tip-detector distance of 20 mm so that the central axis of the tube hit the centre of the detector. Image sequences recorded by the detector after firings of the tube were finally analysed with MATLAB.
Results
In order to evaluate performance of the CNT x-ray source, generated beam intensities during one cycle, including 8 pulses, were recorded by the flat panel detector. Analysis of the image sequences in MATLAB showed that at each firing pulse, the recorded pulse has almost the same intensity as other pulses and differences between these pulses are less than 0.1%. This observation shows that the tube has almost a steady mode of exposure. For a typical selected pulse, the variation in the pulse amplitude during the firing mode is also insignificant, which shows a stable exposure during on-mode (see Figure 1) . Concerning the recorded signal, it is observed that after turning off the voltage and stopping the on-mode status, the beam intensity recorded in the flat panel detector shows a decaying exponential trend (R 2 = 0.92) towards the signal baseline.
The averaged values of the dose measurements in the lateral distance from the central axis of the tube we calculated (see Figure 2 ). According to the data, the maximum dose rate of 1056 mGy/min in the centre of the beam profile has dropped by a factor of almost 3, to 326 mGy/min in the radius distance of 25 mm from the central line. Additionally, the changes in the beam intensity recorded in the flat panel detector, as a distance of radius around the central axis of the tube, was assessed in MATLAB software.
The averaged values of measurements show that there is a decaying trend in the beam intensity when moving from the centre to the peripheral, decreasing from almost 3×10 6 counts in the central line to around 1×10 6 in the distance of 25 mm (see Figure 3 ).
Steady pulses generated by the CNT-based X-ray source could be promising regarding the reliable correlation between number of pulses and delivered dose to the target. This could make it possible to have a real-time monitoring on the delivered dose by this miniature X-ray source to the tumor via controlling the number of firing pulses. As a small source of radiation, CNT-based X-ray source can present advantages over external beam radiation therapy, in which thanks to its size, this miniaturized X-ray source could be positioned in the cavities of the body such as larynx in close contact to the site of the tumor, radiating cancerous cells while protecting skin and surrounding healthy tissues that is more affected during external radiation therapy. This could lead to a more effective form of radiation therapy for the tumor that is located in reachable areas inside the body.
Unlike the conventional radiation sources that have large sizes and produce high temperature, which is associated with some limitations for image guided treatments, this small source of radiation can open new treatment options in the field of minimally invasive image guided procedures. In comparison to conventional radionuclide based brachytherapy, this X-ray source, similar to other electronic brachytherapy sources, has an added advantage that obviates the need for a radioactive source. The tube can easily be switched on and off which means that, unlike radioactive source, it can be safely and easily handled during the procedure and also the output dose can be controlled by changing voltage and current.
Both intensity and dose profiles show that within the radius of 5 mm around the central axis of the tube, the variation in beam intensity and delivered dose is less than 10%. This shows that for this miniature source of x-ray, we can expect to have almost homogenous irradiation for several millimetres around the centre of exposure. This may indicate that this small tube can be used for imaging of small targets that are limited to some millimetres. The first imaging application by this tube has been reported in dental area. In that study, it is showed that the small tube inserted intraorally with X-ray sensor fixed extra-orally can provide an opportunity to do a dental radiography better than conventional one [8] .
A filtering approach can also be applied in this tube to control size and shape of the beam to fit with specific therapeutic applications. On the other hand, a suitable collimator, depending on the type of procedure, can have more focused shape of beam and deliver the dose of radiation to the desired limited area.
In an attempt to deliver a focused form of radiation to the tumor, we have recently introduced a beam shaping collimator that makes it possible to use this miniature source of X-ray to minimally invasive treatment of larynx tumor (see Figure 4) . That is a cylindrical collimator, which provides a shielding for the CNT tube located inside of it and can be easily used for the tumor located in the larynx of the patient. The collimator has an aperture in front part, allowing the radiation to be focused to the site of tumor, and is equipped with a tiny endoscope camera by which the physician can do a real-time image guided treatment on the patient. A small source of light is also attached to the collimator which is used to provide to the doctor a visual interpretation from the area under exposure. Assessment of the effectiveness of this beam shaping mechanism on the CNT-based X-ray source showed that it can successfully focus the beam on a targeted site, at the same time, provide a good shielding against harmful radiation to the physician hand during the procedure. Promising results of this project has encouraged us to develop this small source of X-ray for possible medical imaging applications.
In conclusion, small size of this X-ray tube in combination with its reliable working status and obtained intensity and dose profile showed the potential of this miniature source of radiation for future minimally invasive image guided medical procedures. 
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